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Abstract

Low-lying islands are vulnerable to coastal erosion, and mangroves, which can mitigate erosion, have suffered enormous
losses in recent decades owing to human impacts. Previous studies have little investigated mangrove shores on atolls, which
may face combined multiple threats. We analysed the large Marshall Islands atoll of Jaluit, at a higher resolution than previ-
ous spatial change studies, finding that mangrove shorelines prograded seawards over the last seven decades. Biogeomorphic
colonisation processes were characterised from transects along ~ 14.6 km of shorelines. Mangrove progradation occurred in
patterns of arc-shapes evident of long-shore drift deposition, patch expansion of offshore mangrove colonisers, and linear
shoreline advance. Significant differences in the rates of expansion were identified, with arc-shaped colonisation showing
the fastest rates of expansion. However, linear shoreline advance was the most frequent expansion pattern showing greater
than three-fold more classified transects than arc-shaped colonisation and patch expansion. These results have implications
for low island mangrove restoration. Applying mangrove planting patterns mimicking these different natural colonisation
processes may enhance restoration success in ecosystem-based adaptation projects to mitigate sea level rise vulnerability.
Results from this study show that atoll mangrove shorelines demonstrate resilience during past sea level rise rates, and that
rates of expansion vary according to patterns of biogeomorphic colonisation.
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Introduction Taylor 2015; Mimura and Nunn 1998; Mycoo et al. 2022).

Combined with relative sea level (RSL) rise, risks to com-

Island nations have extensive shorelines in proportion to their
landmass; subsequently, their marine cultures and economies
are predominantly on the coast (Kumar and Taylor 2015;
Mimura and Nunn 1998; Nunn 2009; Mycoo et al. 2022).
Low-lying islands, particularly atolls, are high-risk areas
owing to changes in wave climate, El Nifio Southern Oscil-
lations (ENSO), extreme events and shoreline realignments
that also influence erosion (Murray et al. 2003; Kumar and
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munities may become intolerable (Kane and Fletcher 2020;
Mycoo et al. 2022). These risks are combined with other
climate change effects to threaten coastlines of many Small
Island Developing States (SIDS) (Nunn 2009; Ford 2013;
Storlazzi et al. 2015; Owen et al. 2016; Kane and Fletcher
2020; Nunn et al. 2021). Mangrove planting has become
an adaptation action to increase coastal resilience for SIDS
(Duarte et al. 2013; MyCoo et al. 2022), and better under-
standing of successful mangrove progradation on atolls could
give insights to help success.

Mangroves are a significant coastal ecosystem in the
tropical and sub-tropical SIDS (Bhattarai and Giri 2011;
Moity et al. 2019). Mangrove coverage worldwide has been
reduced from over 200,000 km? in the early twentieth cen-
tury to 137,760 km? by 2000, indicating serious rates of loss
(Giri et al. 2011). Losses have subsequently continued at
reduced rates, mostly caused by direct anthropogenic driv-
ers such as land conversion and human settlement expan-
sion (Goldberg et al. 2020). Mangrove shorelines on atolls
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provide benefits to people through protection from wave
action during storms, sediment stabilisation (Ellison et al.
2017), and a range of services for human food security,
including contributing to fish and invertebrate stocks (Lef-
check et al. 2019). These shorelines on atolls may be facing
multiple threats from sea level rise (SLR) (Sasmito et al.
2016; Friess et al. 2022) as well as habitat losses (Giri et al.
2011; Goldberg et al. 2020).

Atolls have very low elevations and their islands are
formed on sediments derived from coral reefs and ecosys-
tem-associated molluscs, calcareous algae and foraminifera
(McKee et al. 2007; Perry et al. 2011; Ellison et al. 2019;
Kench et al. 2022). Atoll spatial change studies (Webb and
Kench 2010; Rankey 2011; Ford and Kench 2015; Duvat
2019; Sengupta et al. 2021) have shown island loss and gain,
spit rotation and extension and migration of islands on reef
platforms. Spatial change analysis of 709 islands on 30 atolls
across the Pacific and Indian Oceans over multi decadal
timescales (Duvat 2019) showed that 73.1% of islands were
stable in area, 15.5% increased, and 11.4% decreased in area.
Beaches and spits showed marked changes over short and
multidecadal timeframes, such as loss, contraction, rotation
or extension. At low latitudes, multi-decadal spatial anal-
ysis of 104 islands from 16 atolls in the Federated States
on Micronesia showed 46% of shorelines with statistically
significant accretion (Sengupta et al. 2021). However, there
has been inadequate analysis of spatial change of mangrove
shorelines of atolls.

In Kiribati, the central Maiana atoll mangrove shore of 6
km length showed progradation of up to 83 m 1969-2009 (>2
m/year) (Rankey 2011), with more than 5% of the 1969 sandy
lagoon shoreline changed to mangrove shore by 2009. Also in
Kiribati, the mangrove lagoon of the Nooto Ramsar Site on
North Tarawa of 1 km in extent showed mangroves expanding
and prograding seawards 1998-2013, increasing by 17%, at a
rate of 604 m2/year (Ellison et al. 2017). In the Indian Ocean,
21 years of mangrove shoreline analysis on Aldabra showed
mangroves to be mostly stable, with some loss to seaward and
some mangrove migration inland (Constance et al. 2021). In
the Marshall Islands, Jaluit mangrove shorelines showed pro-
gradation of up to 3 m/year between 1945 and 2019 (Crameri
and Ellison 2022).

As part of a climate change vulnerability assessment of
the largest mangrove atoll in the Republic of the Marshall
Islands (RMI), spatial changes were analysed between 1945
and 2019 for inland and coastal mangroves (Crameri and
Ellison 2022). Results from four continuous shorelines of
larger islands showed progradation on the islands of Jaluit
Jaluit (95.7% of transects), Medyai (100% of transects) and
Aineman (88.5% and 94.6% of transects on shorelines des-
ignated Aineman 1 and 2, respectively). Jaluit Jaluit is the
name used to describe the longest island located at the south
of the atoll (Fig. 1) in Ramsar Site documentation (Bungitak
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2003). Net shoreline movement of the prograding transects
showed positive gains of up to 167.6 m, and of the prograd-
ing transects, with increased average shoreline distances of
444 m, 27.3 m, 6.1 m and 25.8 m respectively on Medyai,
Jaluit Jaluit, Aineman 1 and Aineman 2. By contrast, average
erosional distances were respectively 8.8 m, 8.6 m and 7.7 m
at Aineman 1, Aineman 2 and Jaluit Jaluit. The aim of this
follow-up study is to investigate patterns of biogeomorphic
colonisation evident in shoreline progradation, such as pat-
terns described from spatial analysis of Guiana coastlines
(Fromard et al. 2004; De Jong et al. 2021) and Vietnam
(Nardin et al. 2016):

1. Arc-shaped colonisation (ASC), where mangroves colo-
nise sediment transported in an alongshore direction to
form elongated bars or spits offshore,

2. Spatial expansion of colonising mangroves, to form
offshore expanding knobs, separated by indentations of
reduced or no expansion, termed patch expansion (PE),

3. Linear shoreline advance (LSA), with new mangrove
zones forming seawards and parallel to the coastline.

We hypothesised that these different progradation types
lead to mangrove expansion at different rates, and that some
may be more prevalent than others. If this were the case
for natural mangrove expansion on Jaluit Atoll, prevalent
progradation patterns may be usefully applied to mangrove
ecosystem-based adaptation elsewhere.

Methods
Study Area

Jaluit Atoll (Fig. 1) (6.05°N; 169.35°E) is part of the Ralik
Island Chain in RMI and is composed of 91 islands (Ford
and Kench 2016; Kench et al. 2022). It is located ~ 200
km southwest of Majuro, the capital of the RMI. The atoll
is~ 60 km by ~ 34 km with the vast majority of the atoll area
of 689.74 km? being lagoon, and land area of only 11.34 km?
(Ford and Kench 2016; Kench et al. 2022).

Jaluit is elongated north-south with more land on the east-
ern reefs of the atoll. Shoreline mangroves occur largely
on the western lagoon side of these larger eastern islands,
which with prevailing north-east trade winds would be low-
est energy shores across the atoll. In these settings, records
of indigenous mangrove species include Rhizophora apicu-
lata, Sonneratia alba and Bruguira gymnorrhiza (Fosberg
and Sachet 1962; Vander Velde and Vander Velde 2005).

Being located close to the equator, typhoons are rare in
the southern Marshall Islands. Only two with geomorphic
impact are recorded in 1905 and 1958 (Ford and Kench
2016), and our searches found no other records of storms.
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Fig. 1 Map of Jaluit Atoll, showing locations of mangrove shorelines and study sites
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Typhoon Ophelia in 1958 caused devastating effects to the
island morphology and vegetation (Blumenstock 1958; Blu-
menstock et al. 1961). Erosional scouring of islands caused
reduction in areas, major damage to vegetation, and new
deposition of sediments created beach ridges and reef rubble
bars (Blumenstock 1958; Ford and Kench 2016). The eastern
reef islands of Jaluit Jaluit and Majetto were most impacted,
with 70-90% of trees uprooted or broken below their crowns
(Blumenstock 1958; Ford and Kench 2016). Vegetation on
Jaluit soon recovered, and a survey 2 years later showed her-
baceous and shrubby vegetation replacing barren areas, along
with mangrove recovery (Blumenstock et al. 1961). Ford and
Kench (2016) reported a 5.1% reduction in the total land area
of the atoll between 1945 and 1976, analysing a portion of the
same imagery as this study.

Jaluit’s mangroves are protected under the RMI’s
National Conservation Area Plan (Reimaanlok), which
develops community-based conservation management
plans with support from a national expert team (Baker et al.
2011; Sterling et al. 2017). Unlike other atolls in the RMI,
ownership on Jaluit includes coastal areas and lagoons as
well as land (Lindsay and Aiello 2003), and decisions on
resource use are made through traditional hierarchical sys-
tems primarily at the local level (Beger et al. 2008; Office
of Environmental Planning Policy Coordination 2017). Fur-
thermore, the Jaluit Atoll Marine Conservation Area was
established in 1999 through the South Pacific Biodiversity
Conservation Program (Bungitak and Lindsay 2004), and
Jaluit was also designated as the first Ramsar Wetland of
International Importance in RMI, with resources devoted to
its conservation. As a Ramsar site, Jaluit has management
plans that are managed by local government with support
from the EPA office of RMI (Office of Environmental Plan-
ning Policy Coordination 2017).

Historical Imagery

Shorelines with mangroves were identified using ArcGIS
(Version 10.8), analysing available imagery from Jaluit Atoll
(6.05° N; 169.35° E). High spatial resolution photographs
from 1945 allowed mangrove patches to be identified, avoid-
ing limitations of low-resolution earlier imagery (Ruiz-Luna
et al. 2010). The next timestamp was 1976 aerial photogra-
phy obtained courtesy of the U.S. Geological Survey (2022).
From 2010/2011, a DigitalGlobe image mosaic was avail-
able, and from 2018/2019, a Maxar satellite image mosaic
was the most recent timestamp available. All imagery had
spatial resolution of between 0.64 and 0.21 m/pixel and lim-
ited cloud cover (Crameri and Ellison 2022). Atoll nations
in the Pacific have limited aerial imagery available; hence,
high-quality imagery up to 7 decades old is valuable in a
region of generally sparse environmental data (Ford and
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Kench 2015). Further information on the imagery used is
provided in Table S1.

The historical imagery (1945, 1976, 2010/11) were over-
laid and georeferenced to the 2018/2019 base imagery using
fixed structures such as buildings, slipway edges and rock
outcrops, as used by previous atoll spatial change studies
(Ford 2013; Giri et al. 2011; Yates et al. 2013). Imagery
from 1945 was not available across all analysed shorelines,
and for some transects, mangroves were not present in 1945,
in which case different image endpoints were reported for
some transects. All shorelines analysed during this study
were located on the lagoon shore of the islands (Fig. 1), this
being the sheltered shoreline favouring mangrove habitats.
The shoreline extents were all drawn using the same scale of
1:2,000 by the same individual for consistency. Atoll man-
grove shorelines identified and mapped follow definitions
previously used of ‘mangrove forest’ shorelines on Kiribati
atolls of Maiana and Aranuka (Rankey 2011).

Shoreline Change Analysis

The shoreline change analysis was determined using the Digital
Shoreline Analysis System (DSAS) version 5.0 add-in to Esri
ArcGIS desktop (Himmelstoss et al. 2018). Further details on
the DSAS methodology are provided in Crameri and Ellison
(2022). Each shoreline transect was classified into the expan-
sion categories based on their evident dominant colonisation
process across each of the four shoreline timestamps, as mod-
elled in Fig. 2. Where transects showed two classification types
across the shoreline growth period, the overall category was
determined by the classification type which measured the great-
est increase in shoreline progradation.

DSAS analysis was conducted on 5.0-m spaced tran-
sects, using far closer transect spacing than previous studies
(Ellison and Zouh 2012; Ford 2013; Ford and Kench 2015;
Kench et al. 2018; Himmelstoss et al. 2018; Sengupta et al.
2021), allowing detailed analysis across the atoll islands.

Three rate-of-change statistics were calculated: linear
regression rate, end point rate and net shoreline movement
(Himmelstoss et al. 2018). Both end point rate and net shore-
line movement require only two temporal shoreline posi-
tions, as opposed to three for linear regression rate, and as
a result, both have a greater number of measured transects.

End point rate and net shoreline movement were both
reported to enable better spatial and temporal context for
the expansion of the mangroves. An annual rate of change,
provided by the end point rate, may be more comprehen-
sible to restoration practitioners compared to shoreline
movement across more than 7 decades. However, the net
shoreline movement provides a long-term view important
for the state of mangroves on Jaluit regarding SLR. Linear
regression rate also provides and annual rate, but it repre-
sents a more statistical approach compared to the end point
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Fig.2 Model of mangrove
expansion characteristics across
Jaluit Atoll, A Arc shaped colo-
nisation (ASC); B Colonisation
by linear shoreline advance
(LSA), and C Colonisation by
patch expansion (PE)

20

Sl M. e GRoere e, 50 e G5 User e

40m N

rate, which can ignore data such as shorelines between the
youngest and oldest shorelines (Himmelstoss et al. 2018).
Further information for each method can be found in Him-
melstoss et al. (2018).

Statistical Analysis of Shoreline Expansion
Categories

Violin plots were created to display the variation in prograda-
tion/erosional context for each of the colonisation categories,
using the ‘ggstatplot’ R package (Patil 2021; R Core Team

Legend

1945 Mangrove extent
1976 Mangrove extent
2010 Mangrove extent

2018 Mangrove extent

ol |

Direction of mangrove expansion

2018). Statistical analysis was conducted on the results of
the three calculated DSAS shoreline statistics for each of the
shoreline expansion categories. As the dataset did not meet
the ANOVA assumptions for the homogeneity of variance
and normality, a non-parametric Kruskal-Wallis rank sum
test was used to assess whether differences between the three
shoreline expansion categories were significant in each of the
DSAS shoreline statistics. The post hoc Dunn test, adjusted
with the Holm method to counteract multiple comparisons,
was then used to assess between-group differences between
each of the mangrove expansion categories. All static or
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eroding transects were removed from the shoreline expansion
analysis, as the purpose of the study was to assess prograda-
tion patterns and not the overall change in shorelines.

Sea level trends were analysed combining two tide gauge
datasets for Majuro, Majuro B (1968 to 1999) and Majuro C
(1993 to 2019). Monthly tide gauge data were retrieved from
the Permanent Service for Mean Sea Level (Holgate et al.
2013; NOAA 2021) from this nearest tide gauge, approxi-
mately 200 km away.

The mean rate of progradation was also calculated
between each time stamp to provide an indication of how the
shorelines behaved between each timestamp. This provided
three periods of progradation: 1945-1976, 1976-2010/2011
and 2010/2011-2018/2019. All transects used in the original
shoreline analysis were used, including static and eroding
transects, to determine this rate between timestamps. Results
of the analysis are reported using end point rate (m/year).
All data and trend analysis were undertaken using Rstudio
(R Core Team 2018).

Results

Spatial change of coastal mangroves from 14.6 km of man-
grove coasts (Fig. 1) included 0.3 km on Medyai, 12.6 km
on Jalueit Jaluit, 0.5 km on Aineman 1 (south part of the
island) and 1.2 km on Aineman 2 (further north on the
island) (Figs. S1-S17). DSAS measured 2922 transects of
mangrove seaward edge change 1945-2018/2019, the sam-
ple number determined by mangrove shoreline length visible
in available imagery and the 5.0 m transect spacing used.
Occurrences of different colonisation patterns showed
ASC (Figs. 2A and 4A), where offshore sediment bars
or spits were rapidly colonised by mangroves to close off
lagoonal portions of the coastline to the ocean. Patterns
also showed PE of offshore colonising mangroves (Figs. 2C
and 4C), with examples evident mainly on Jaluit Jaluit
(Figs. S8B, S10B north, S11B, and S15B). LSA parallel
to the coastline was the most frequently occurring pattern
(Table 1) (Figs. 2B and 4B), with greater than three times
the numbers of transects of this type compared the other

prograding patterns (Table 1). LSA was the dominant form
of colonisation following the disturbance caused by the
1958 Typhoon. Examples are evident on Medyai (Fig S2)
where rates slow down over time, Aineman 1 (Fig. S4), and
south Jaluit Jaluit (Fig. S7TB) where rates also slow over the
same timeframes.

Rates of expansion showed differing results to occur-
rence (Table 1), with ASC shown to have the greatest rate of
progradation of each shoreline expansion statistic (1.11 m/
year linear regression rate). Lower rates of expansion were
reported for PE and then LSA (0.48 and 0.33 m/year linear
regression rate respectively). Results of the Kruskal-Wallis
tests applied to the different progradation patterns indicated
statistically significant variability between groups (Figs. 3
and S18). Significant differences were also found when
comparing each pair of groups (ASC ~LSA, ASC~PE, and
PE ~LSA) using the post hoc Dunn test, adjusted with the
Holm method. The results of these multiple comparisons
tests (Table 2) indicate that ASC showed statistically greater
rates of progradation for each rate-of-change statistic. This
was followed by PE, and then LSA showed the slowest rates
of progradation.

Violin plots of net shoreline movement, linear regression
rate and end point rate show distributions of the measured
transects for the three different expansion types across ana-
lysed shorelines (Fig. 3; Fig. S18), useful to demonstrate
distributions for the large data sets and to show variable
density. In the plots, red dots indicate the mean, bars show
interquartile range, the width of the curve shows frequency
of data points for different linear regression rate/net shore-
line movement magnitudes, and whiskers show the outer
distribution with outliers. Skew from the median is towards
greater progradation for each of ASC, PE and LSA, with
ASC having the greatest median progradation and also the
greatest range. PE and LSA types show lesser rates of move-
ment or shoreline increase, and therefore greater stability.

The differing total numbers of transects (Table 1) are due
to some sections of the shorelines, particularly along Jaluit
Jaluit and Medyai shorelines, missing imagery and/or peri-
odically did not have mangrove shorelines, especially during
1945 timestamp. Also, the numbers of transects differ for

Table 1 Transect results from the lagoon shoreline mangroves of Jaluit Atoll, Marshall Islands, of progradation categorised according to coloni-
sation pattern: ASC (arc shaped colonisation), LSA (linear shoreline advance), and PE (patch expansion)

Change statistic Shoreline change ASC LSA PE

End point rate (n=2720) Prograding (%) 497 (18.3%) 1,699 (62.5%) 524 (19.3%)
Mean increase (m/year + sd) 0.99+0.68 0.32+0.27 0.47+0.33

Net shoreline movement (n=2731) Prograding (%) 497 (18.2%) 1,710 (62.6%) 524 (19.2%)
Mean increase (m =+ sd) 64.5+43.3 16.4+12.8 26.2+16.4

Linear regression rate (n=2536) Prograding (%) 480 (18.9%) 1,579 (62.3%) 477 (18.8%)
Mean increase (m/year + sd) 1.11+0.77 0.33+0.28 0.48+0.31
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Fig.3 Violin plots indicating the distribution of transects categorised
by different expansion categories. A linear regression rate signifi-
cant differences between groups (Kruskal-Wallis X2=534.7, df=2,
p<0.001); B net shoreline movement indicated significant differ-

end point rate and net shoreline movement (n=2720 and
2731 in Table 1), as in this analysis we removed the static
and eroding transects, being focussed on analysis of the
progradation patterns. EPR is naturally going to be a lower
number than NSM, and in some cases (11 transects in total),
the EPR was rounded down to zero while the NSM remained
above zero and hence was included in the analysis.

RSL data analysed from long-term tide gauges 1968-2018
on Majuro (Holgate et al. 2013; NOAA 2021), 200 km dis-
tant from Jaluit, indicated rising trends of 3.53 + 1.8 mm per
year (mm/year) (Fig. 5).

Discussion
Spatial Changes and Context in the Pacific

Mangrove shorelines on low energy coastlines of Jaluit
Atoll showed extensive progradation across 14.6 km, con-
curring with smaller-scale atoll studies finding mangrove
progradation (Rankey 2011; Ellison et al. 2017; Constance
et al. 2021). Spatial analysis of non-mangrove shorelines
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ences between groups (Kruskal-Wallis X2 =717.8, df=2, p<0.001).
End point rate results (Fig. S18) also indicated significant differences
between groups (Kruskal-Wallis XZ =537.2,df=2, p<0.001)

elsewhere in the Marshall Islands has shown dynamic
results, with a mix of erosion and accretion (Ford 2013;
Ford and Kench 2016). Wotje Atoll showed accretion to be
dominant 1945 to 2010, then noteworthy erosion 2004 to
2012, with elongated spits the most dynamic (Ford 2013).
Analysis of non-mangrove shorelines across six atolls in
the Marshalls (Ford and Kench 2015) showed mostly accre-
tion between the 1970s and 2010, followed by a slowdown.
For Jaluit mangrove shorelines, while variation occurred
between transects, average rates of progradation (Fig. 6)
were greatest between 1976 to 2010/2011, corresponding
with progradation of other atolls (Ford and Kench 2015).
Rates then decreased between 2010/2011 and 2018/2019.
These trends are exemplified by an increase in mangrove
extent between 1976 and 2010 in Fig. 4A, but a much more
limited increase between the other time stamps. Analysis
of trends from the Majuro tide gauge (Fig. 5) shows several
low sea-level years in the high progradation period (Fig. 6),
which may have contributed.

Although results show overall progradation across the
entire study period, limited temporal scale satellite and
aerial imagery availability for Jaluit may mask shorter scale

Table 2 Results of post hoc
Dunn multiple comparison test,

Colonization category End point rate

Net shoreline movement Linear regression rate

. > comparison
p values are adjusted using the
Holm method Z p value Z p value Z p value
ASC~LSA 22.52 <0.001 25.97 <0.001 22.53 <0.001
ASC~PE 9.93 <0.001 11.28 <0.001 9.82 <0.001
PE~LSA 10.54 <0.001 12.37 <0.001 10.32 <0.001
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Fig.4 Examples of mangrove expansion characteristics across Jaluit
Atoll: A Shoreline dominated by arc shaped colonisation (ASC), back-
ground imagery from 12 Dec 2018; B Shoreline dominated by linear

Fig.5 Majuro Atoll sea level
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oscillations/cycles in spatial trends of mangroves across
the atoll. To gain improved understanding of the mangrove
shorelines across these atoll environments, future analysis
across years rather than decades would show better detail
of changes along with ground survey. Ground survey could
include shore-normal transects of plots quantifying man-
grove species height, biomass, condition (Ellison et al.
2012), and accretion rates (Cahoon 2015) to better under-
stand mangrove changes.

Over the last few decades, atoll islands have shown
stability and accretion as well as some loss of island area
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Mangrove Extent2018 -

shoreline advance (LSA), background imagery dated 07 Jan 2018; C
Shoreline dominated by patch expansion (PE), background imagery
dated 12 Dec 2018

1996 2006 2016

Date

1986

(Webb and Kench 2010; Rankey 2011), but no widespread
sign of physical destabilization during sea-level rise (Ford
and Kench 2015; Duvat 2019). Rates of change were not
correlated with SLR rates, and more influenced by other
climate drivers and human disturbances (Duvat 2019).
These existing studies have focussed on non-mangrove
shorelines of atolls such as beaches, and with mangroves
globally under threat from mainly non-climate causes (Giri
et al. 2011; Goldberg et al. 2020), so analysis of mangrove-
dominated atoll shorelines was a gap. Results from this
study (Tables 1 and 2; Fig. 3) demonstrate atoll mangrove
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Fig.6 Rates of progradation across the three periods between time
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shoreline resilience during SLR (Fig. 5) with prevalent pro-
gradation evident, and with biogeomorphic processes dif-
fering (Fig. 2).

This progradation lagoon-wards of mangrove shores on
Jaluit occurred despite RSL rise measured at the nearby
Majuro Atoll (3.53 + 1.8 mm/year), which is higher than
global averages from tide gauge and satellite altimetry
records of 2.06 [2.79-3.31] mm/year between 1970 and
2015 (Oppenheimer et al. 2019). Patterns of mangrove pro-
gradation during these conditions are needed to be under-
stood to enable management of atoll mangrove resilience
during projected future SLR.

Biogeomorphological Patterns

Previous observations of patterns in mangrove progradation
have been from deltaic shorelines with large riverine sedi-
ment supplies (Fromard et al. 2004; Nardin et al. 2016; De
Jong et al. 2021), yet similar patterns occurred on Jaluit’s
contrasting atoll shoreline (Figs. 2 and 4). This Jaluit study
quantified differing rates of expansion of each progradation
pattern, not analysed previously, and differences were shown
to be significant (Table 2).

Prevalent mangrove colonisation patterns on Jaluit
showed that the most frequent and spatially prevalent cat-
egory was the LSA type, occurring in 62% of progradation
transects (Table 1; Fig. 3). Resembling zonation advance
(Figs. 2B and 4B), with bands parallel to the shoreline, in
Guiana, this pattern occurred at the seaward edge, associ-
ated with increasing basal area, tree diameter, stand height,
above ground biomass, and tree species diversity (Fromard
et al. 2004; De Jong et al. 2021). Linear expansion was found
also to be prevalent at seaward edges on the Mekong Delta
(Nardin et al. 2016), triggered by high sediment availabil-
ity and featuring increasing density. This pattern is also
evident from Kiribati (Ellison et al. 2017), involving only
Rhizophora, likely also to be the case on Jaluit. Possible

factors encouraging LSA include sediment availability and
deterministic biogenic processes (Ellison 2019) promoted
by mangrove density.

Patch expansion (Figs. 2C and 4C) showed both a higher
median and interquartile range relative to LSA (Fig. 3) but
a lower occurrence across transects (Table 1). On Jaluit, PE
occurred following Typhoon Ophelia at the seaward edge,
and patterns of change suggested PE following local ground-
water outflows indicated by darker offshore benthic colours
(Fig. 4C). On deltaic shorelines PE rather occurred at finer
scales with slower expansion expanding both seaward and
internally to the swamp (Fromard et al. 2004; Nardin et al.
2016; De Jong et al. 2021). From Kiribati, seaward patch
expansion is also evident 1998-2013 (Ellison et al. 2017)
associated with increasing density of Rhizophora stylosa.
Possible factors encouraging PE include groundwater out-
flow, root mat accretion, and increasing tree density causing
increased retention of sediment.

Arc shaped colonisation (Figs. 2A and 4A) showed the
most rapid mangrove progradation rates but the least occur-
rence across transects (Table 1), with the greatest median
and interquartile ranges of net shoreline movement (Fig. 3)
of all patterns. Spit extension occurred parallel to the island
shoreline in the largest cases, the largest example on Jaluit
Jaluit (Fig. S13) from north to south, indicating influence
of the prevailing north-east trade winds. Other arc-shaped
expansions were from north to south (Fig. S12), south to
north (Figs. S14B and S16B) and west to east (Fig. S17),
perhaps influenced by local lagoonal eddies and sediment
supply. Association with prevailing currents was also evi-
dent for ASC in Guiana and Vietnam (Fromard et al. 2004;
Nardin et al. 2016), in association with sedimentary bars.
Some arcs of offshore R. stylosa colonisation were also
evident in Kiribati (Ellison et al. 2017). Possible factors
encouraging ASC include lagoon eddies and winds promot-
ing geomorphic sediment deposits that provide shelter for
the mangrove habitat to develop.

The mangrove shorelines of Jaluit Atoll show periods of
accretion and erosion through the study period. Erosional
processes were prevalent between 1945 and 1976 (Figs. S4,
S6 and S12B) with DSAS results showing recession of the
mangrove seaward edge along the lagoon shoreline. In this
period, the major environmental disturbance to the atoll
occurred with Typhoon Ophelia in 1958 (Blumenstock
1958), which caused greater than 5% reduction in the entire
land area of the atoll (Ford and Kench 2016). High energy
events are integral to the long-term geomorphology of atoll
shorelines with generation of vast quantities of reef-derived
sediment (Ford and Kench 2016; Kench et al. 2022), to sup-
ply and facilitate subsequent mangrove accretion and pro-
gradation. Even moderate climate events, such as tropical
lows, are found to significantly influence island building and
sediment supply with implications for mangrove expansion
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(Duvat et al. 2020). Following 1976, progradation results
(Table 1) during rising sea-level (Fig. 5) indicate that accre-
tion of sediment on the lagoon shorelines facilitated man-
grove progradation (Fig. 6). Expansion of the mangrove
seaward edge continued to be evident in the 2010/2011 and
2018/2019 satellite imagery analysed (Figs. S2, S6, S7B and
S8B), at reduced rates (Fig. 6).

Results of trends of mangrove progradation (Table 1)
indicate that sedimentation and accretion processes are out-
pacing rates of SLR (Fig. 5) as mangroves occupy tight ele-
vation brackets between mean sea level and high tide levels
(Ellison et al. 2022). Vulnerability assessment of adjacent
reef health implied that enhanced sediment supply is not
coming from reef mortality, with review showing that adja-
cent reefs are in good condition over the timeframe studied
(Crameri and Ellison 2022). On-going monitoring, includ-
ing substrate elevation and accretion research, and impacts
of RSL rise and ENSO are ultimately vital to understand
the future trajectory of change for atoll mangroves globally.

Progradation during RSL rise (Figs. 3 and 4) demon-
strates combined mangrove biogeomorphic processes of
both opportunistic colonization of biogenic carbonate sand
and deterministic mangrove root accumulation (Ellison
2019). For future study on Jaluit, research to clarify progra-
dation processes, sediment property analysis (McKee and
Faulkner 2000; Ellison 2019) and accretion rate determina-
tion (Cahoon 2015) are needed. Low organic sediment and
pollen concentration could indicate opportunistic colonisa-
tion, and high organic sediment with high pollen concentra-
tions could indicate biogenic accretion (Ellison 2019).

Implications for Mangrove Planting
and Management

Results of prevalent patterns in mangrove progradation
(Fig. 4; Table 1) may be helpful for mangrove planting on
atoll shorelines, which if successful can provide the coast
with protection against flooding and erosion (Duarte et al.
2013). Such ecosystem-based adaptation integrates biodiver-
sity conservation and ecosystem services (Grantham et al.
2011) and has become the preferred adaptation approach to
climate change in least developed and developing countries
(Nalau et al. 2018). Commendable efforts to plant mangrove
hypocotyls and seedlings have resulted in some massive fail-
ures (Samson and Rollon 2008; Kodikara et al. 2017), such
as over 70% of Philippines and 54% of Sri Lanka restoration
sites resulting in complete mortality.

There is a wealth of expertise on mangrove planting
methods (such as Moudingo et al. 2018; Asian Develop-
ment Bank 2018; Melana et al. 2000), and some recommend
patterns of seedling or propagule planting. The most com-
monly recommended pattern is grid patterns in rows spaced
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about 1 m apart (Fig. 7), which resembles LSA (Fig. 2B), as
trialled by Gilman and Ellison (2007) in American Samoa.

For less calm sites, such as open lagoon settings with
waves occurring at high tide, Asian Development Bank
(2018: p21) and Melana et al. (2000: p52) advise planting
propagules in an inverted V pattern, with the V point towards
the sea, to deflect wave energy. If conditions are stronger,
Asian Development Bank (2018, p 22) recommends cluster
planting, both patterns resembling PE (Fig. 2C). These rec-
ommended planting patterns are illustrated in Fig. 7.

The greatest rates natural of expansion found of ASC
(Table 1; Fig. 2A) have no matches with existing mangrove
planting patterns (Fig. 7). Offshore sediment deposits from
long-shore drift and local currents create areas of sediment
accumulation that can provide protection from wave action.
Patches of coloniser mangroves (Fig. 2C) also create lower
energy conditions from wave and tide action similar to ASC,
which may explain the faster rates of colonisation found
compared to LSA (Table 1).

Different rates of expansion (Table 1) indicate that in
the geomorphic context of low-lying atolls, restoration and
ecosystem-based adaptation efforts may achieve greater
results by tailoring patterns according to site conditions
(Fig. 7). If time and funding are constrained, efforts could
be best served by planting patches to replicate PE (Fig. 2C).
If shorelines are protected from disturbance to allow natu-
ral seaward forest expansion (van Hespen et al. 2023), this
would encourage shoreline advance through LSA. Whereas
if maximum mangrove area recovery is desired with less
limits on funding, then replication of the natural long-shore
formation of sedimentary bars or spits resembling ASC
could be trialled using offshore structures such as geotube
or breakwaters, such as demonstrated from successful man-
grove planting in Malaysia (Sulaiman and Mohidin 2018).

Results from Jaluit also show atoll mangrove shorelines
protected with little disturbance will prograde naturally even
during sea-level rise. The majority of transects measured
across the 14.6 km of shoreline were found to be LSA (63%
for linear regression rate and 64% for end point rate/net
shoreline movement). Thus, this type of shoreline advance is
responsible for a significant amount of the atoll’s mangrove
advance. Results from this study of mangrove progradation
indicate conservation success on Jaluit, relative to exten-
sive mangrove losses over the same timeframe elsewhere
owing to direct human impacts (Giri et al. 2011; Goldberg
et al. 2020; Richards et al. 2020). Successful protection of
Jaluit’s mangroves could be investigated to provide a case
study how traditional resource use decision-making (Beger
et al. 2008; Office of Environmental Planning Policy Coor-
dination 2017), community-based conservation management
plans (Baker et al. 2011; Sterling et al. 2017), and Ramsar
Site designation have been effectively integrated.
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Fig.7 Mangrove planting
patterns in practice, adapted to
atoll shoreline settings

Conclusions

This analysis of atoll mangrove shoreline change supports
concepts that atoll islands have current resilience in the
face of climate change and associated SLR (Kench et al.
2018; Duvat 2019). While global trends for mangroves
show continued losses owing to direct human impacts (Giri
etal. 2011; Goldberg et al. 2020; Richards et al. 2020), this
study shows that atoll shorelines with mangroves can be
resilient during SLR, provided that direct human impacts
are absent.

This study has found that high-resolution use of DSAS
can quantitatively investigate mangrove progradation,
showing prevalent patterns in seedling colonisation pro-
gress over time to become solid mangroves. The most
frequent was linear shoreline advance, which resembles
the most commonly used mangrove planting pattern of
grid spacing of pneumatophores or seedlings. The second
most frequent was offshore patch expansion, which resem-
bles mangrove planting patterns recommended for more
exposed sites, of V shapes or clusters. The greatest rates
of shoreline seaward movement were, by contrast, found
for arc-shaped colonisation, resembling spits, for which
no equivalent mangrove planting pattern is evident, apart
from use of offshore structures such as geotubes or break-
waters. Further understanding of conditions for successful
mangrove progradation and ecosystem-based adaptation is
essential to assist atoll communities manage threats posed
by future increasing SLR.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-024-01331-0.

Grid pattern

Set out and plant mangrove propagules
Pattern choice depends on site conditions

Calm sites, low wave
energy at high tide

Some wave energy  Exposed lagoon sites

A shape patterns, Cluster patterns

with point towards the sea

Acknowledgements The authors thank Dr. Murray Ford of the Univer-
sity of Auckland who provided access to 40 World War 2 era historical
images. The authors thank Reviewers and Editors for comments on an
earlier manuscript version that improved the article.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions

Data Availability Source ArcMap shapefiles, code and data are avail-
able from the authors on request.

Declarations

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Asian Development Bank. 2018. Community based mangrove planting
handbook for Papua New Guinea. http://www.mangrovealliance.
org/wp-content/uploads/2019/01/png-mangrove-planting-handb
ook.pdf.

Baker, N., M. Beger, C. McClennen, A. Ishoda, and F. Edwards. 2011.
Reimaanlok: A national framework for conservation area planning
in the Marshall Islands. Journal of Marine Biology 2011: 273034.
https://doi.org/10.1155/2011/273034.

@ Springer


https://doi.org/10.1007/s12237-024-01331-0
http://creativecommons.org/licenses/by/4.0/
http://www.mangrovealliance.org/wp-content/uploads/2019/01/png-mangrove-planting-handbook.pdf
http://www.mangrovealliance.org/wp-content/uploads/2019/01/png-mangrove-planting-handbook.pdf
http://www.mangrovealliance.org/wp-content/uploads/2019/01/png-mangrove-planting-handbook.pdf
https://doi.org/10.1155/2011/273034

Estuaries and Coasts

Beger, M., D. Jacobson, S. Pinca, Z. Richards, D. Hess, F. Harriss,
C. Page, E. Peterson, and N. Baker. 2008. The state of coral reef
ecosystems of the Republic of the Marshall Islands. In The State
of Coral Reef Ecosystems of the US and Pacific Freely Associated
States, eds J.E. Waddell and A.M. Clarke, 387-417. NOAA Tech-
nical Memorandum NOS NCCOS 73. NOAA/NCCOS Center for
Coastal Monitoring and Assessment’s Biogeography Team. Silver
Spring, MD.

Bhattarai, B., and C. Giri. 2011. Assessment of mangrove forests in the
Pacific region using Landsat imagery. Journal of Applied Remote
Sensing 5 (1): 053509. https://doi.org/10.1117/1.3563584.

Blumenstock, D.I. 1958. Typhoon effects at Jaluit atoll in the Marshall
Islands. Nature 182: 1267-1269.

Blumenstock, D.I., F.R. Fosberg, and C.G. Johnson. 1961. The re-
survey of typhoon effects on Jaluit Atoll in the Marshall Islands.
Nature 189: 618-620.

Bungitak, J. 2003. Nomination of Jaluit Atoll Conservation Area,
Republic of the Marshall Islands as a Wetland of International
Importance. Ramsar Convention Secretariat, Gland. https://rsis.
ramsar.org/ris/1389.

Bungitak, J., and S. Lindsay. 2004. Marine resource survey and assess-
ment of Jaluit Atoll, Republic of the Marshall Islands. Beche-De-
Mer Information Bulletin 19: 33-35.

Cahoon, D.R. 2015. Estimating relative sea-level rise and submergence
potential at a coastal wetland. Estuaries and Coasts 38: 1077-
1084. https://doi.org/10.1007/s12237-014-9872-8.

Crameri, N.J., and J.C. Ellison. 2022. Atoll inland and coastal man-
grove climate change vulnerability assessment. Wetlands Ecol-
ogy and Management 30: 27-546. https://doi.org/10.1007/
s11273-022-09878-0.

Constance, A., P.J. Haverkamp, N. Bunbury, and G. Schaepman-Strub.
2021. Extent change of protected mangrove forest and its relation to
wave power exposure on Aldabra Atoll. Global Ecology and Con-
servation 27: e01564. https://doi.org/10.1016/j.gecco.2021.e01564.

De Jong, S.M., Y. Shen, J. de Vries, G. Bijnaar, B. van Maanen, P.
Augustinus, and P. Verweij. 2021. Mapping mangrove dynamics
and colonization patterns at the Suriname coast using historic
satellite data and the LandTrendr algorithm. International Journal
of Applied Earth Observation and Geoinformation 97: 102293.
https://doi.org/10.1016/j.jag.2020.102293.

Duarte, C.M., L.J. Losada, I.LE. Hendriks, I. Mazarrasa, and N. Marba.
2013. The role of coastal plant communities for climate change
mitigation and adaptation. Nature Climate Change 3: 961-968.
https://doi.org/10.1038/nclimate1970.

Duvat, V.K.E. 2019. A global assessment of atoll island planform
changes over the past decades. Wiley Interdisciplinary Reviews:
Climate Change 10 (1): €557. https://doi.org/10.1002/wcc.557.

Duvat, V.K.E., V. Pillet, N. Volto, H. Terorotua, and V. Laurent. 2020.
Contribution of moderate climate events to atoll island building
(Fakarava Atoll, French Polynesia). Geomorphology 354: 107057.
https://doi.org/10.1016/j.geomorph.2020.107057.

Ellison, J.C. 2019. Chapter 20 — biogeomorphology of mangroves. In
Coastal Wetlands: An integrated ecosystem approach, 2nd ed., ed.
G.M.E. Perillo, E. Wolanski, D.R. Cahoon, and C.S. Hopkinson,
687-715. Amsterdam: Elsevier. https://doi.org/10.1016/B978-0-
444-63893-9.00020-4.

Ellison, J.C., K.J. Buffington, K.M. Thorne, D. Gesch, J. Irwin, and
J. Danielson. 2022. Elevations of mangrove forests of Pohnpei,
Micronesia. Estuarine, Coastal and Shelf Science 268: 107780.
https://doi.org/10.1016/j.ecss.2022.107780.

Ellison, J.C., P. Han, and T.W. Lewis. 2019. Carbonate beach sand
of Abaiang Atoll, Kiribati: Geochemistry, biogenic sources, and
properties. Atoll Research Bulletin 621: 1-21. https://doi.org/10.
5479/51.0077-5630.621.

Ellison, J.C., A. Mosley, and M. Helman. 2017. Assessing atoll shore-
line condition to guide community management. Ecological

@ Springer

Indicators 75: 321-330. https://doi.org/10.1016/j.ecolind.2016.
12.031.

Ellison, J.C., V. Jungblut, P. Anderson, and C. Slaven. 2012. Manual
for mangrove monitoring in the Pacific Islands Region. Secre-
tariat of the Pacific Regional Environment Program, Apia, Samoa.
https://www.sprep.org/Publications/manual-for-mangrove-monit
oring-in-the-pacific-islands-region.

Ellison, J.C., and I. Zouh. 2012. Vulnerability to climate change of man-
groves: Assessment from Cameroon. Central Africa. Biology 1 (3):
617-638. https://doi.org/10.3390/biology1030617.

Friess, D.A., M.F. Adame, J.B. Adams, and C.E. Lovelock. 2022. Man-
grove forests under climate change in a 2°C world. Wiley Interdis-
ciplinary Reviews: Climate Change 13 (4): €792. https://doi.org/
10.1002/wce.792.

Ford, M.R. 2013. Shoreline changes interpreted from multi-temporal
aerial photographs and high resolution satellite images: Wotje
Atoll, Marshall Islands. Remote Sensing of Environment 135:
130-140. https://doi.org/10.1016/j.rse.2013.03.027.

Ford, M.R., and P.S. Kench. 2015. Multi-decadal shoreline changes in
response to sea level rise in the Marshall Islands. Anthropocene
11: 14-24. https://doi.org/10.1016/j.ancene.2015.11.002.

Ford, M.R., and P.S. Kench. 2016. Spatiotemporal variability of
typhoon impacts and relaxation intervals on Jaluit Atoll. Mar-
shall Islands. Geology 44 (2): 159-162. https://doi.org/10.1130/
237402.1.

Fromard, F., C. Vega, and C. Proisy. 2004. Half a century of dynamic
coastal change affecting mangrove shorelines of French Guiana.
A case study based on remote sensing data analyses and field
surveys. Marine Geology 208 (2): 265-280. https://doi.org/10.
1016/j.margeo0.2004.04.018.

Fosberg, F.R., and M.H. Sachet. 1962. Vascular plants recorded from
Jaluit Atoll. Atoll Research Bulletin 92: 1-39. https://doi.org/10.
5479/51.00775630.92.1.

Gilman, E., and J. Ellison. 2007. Efficacy of alternative low-cost
approaches to mangrove restoration, American Samoa. Estuaries
and Coasts 30: 641-651. https://doi.org/10.1007/BF02841961.

Giri, C., E. Ochieng, L.L. Tieszen, Z. Zhu, A. Singh, T. Loveland, J.
Masek, and N.C. Duke. 2011. Status and distribution of mangrove
forests of the world using earth observation satellite data. Global
Ecology and Biogeography 20 (1): 154-159. https://doi.org/10.
1111/j.1466-8238.2010.00584 ..

Goldberg, L., D. Lagomasino, N. Thomas, and T. Fatoyinbo. 2020.
Global declines in human-driven mangrove loss. Global Change
Biology 26 (10): 5844-5855. https://doi.org/10.1111/gcb.15275.

Grantham, H.S., E. McLeod, A. Brooks, S.D. Jupiter, J. Hardcastle,
A.J. Richardson, E.S. Poloczanska, T. Hills, N. Mieszkowska, C.J.
Klein, and J.E.M. Watson. 2011. Ecosystem-based adaptation in
marine ecosystems of tropical Oceania in response to climate
change. Pacific Conservation Biology 17 (3): 241-258. https://
doi.org/10.1071/PC110241.

Himmelstoss, E.A., R.E. Henderson, M.G. Kratzmann, and A.S. Far-
ris. 2018. Digital shoreline analysis system (DSAS) version 5.0
user guide (2331-1258). US Geological Survey Open-File Report
2018-1179, U.S. Geological Survey, Reston, Virginia. https://doi.
org/10.3133/0fr20181179.

Holgate, S.J., A. Matthews, P.L. Woodworth, L.J. Rickards, M.E.
Tamisiea, E. Bradshaw, P.R. Foden, K.M. Gordon, S. Jevre-
jeva, and J. Pugh. 2013. New data systems and products at
the permanent service for mean sea level. Journal of Coastal
Research 29 (3): 493-504. https://doi.org/10.2112/JCOAS
TRES-D-12-00175.1.

Kane, H.H., and C.H. Fletcher. 2020. Rethinking reef island stability
in relation to anthropogenic sea level rise. Earth’s Future 8 (10):
€2020EF001525. https://doi.org/10.1029/2020EF001525.

Kench, P.S., M.R. Ford, and S.D. Owen. 2018. Patterns of island
change and persistence offer alternate adaptation pathways for


https://doi.org/10.1117/1.3563584
https://rsis.ramsar.org/ris/1389
https://rsis.ramsar.org/ris/1389
https://doi.org/10.1007/s12237-014-9872-8
https://doi.org/10.1007/s11273-022-09878-0
https://doi.org/10.1007/s11273-022-09878-0
https://doi.org/10.1016/j.gecco.2021.e01564
https://doi.org/10.1016/j.jag.2020.102293
https://doi.org/10.1038/nclimate1970
https://doi.org/10.1002/wcc.557
https://doi.org/10.1016/j.geomorph.2020.107057
https://doi.org/10.1016/B978-0-444-63893-9.00020-4
https://doi.org/10.1016/B978-0-444-63893-9.00020-4
https://doi.org/10.1016/j.ecss.2022.107780
https://doi.org/10.5479/si.0077-5630.621
https://doi.org/10.5479/si.0077-5630.621
https://doi.org/10.1016/j.ecolind.2016.12.031
https://doi.org/10.1016/j.ecolind.2016.12.031
https://www.sprep.org/Publications/manual-for-mangrove-monitoring-in-the-pacific-islands-region
https://www.sprep.org/Publications/manual-for-mangrove-monitoring-in-the-pacific-islands-region
https://doi.org/10.3390/biology1030617
https://doi.org/10.1002/wcc.792
https://doi.org/10.1002/wcc.792
https://doi.org/10.1016/j.rse.2013.03.027
https://doi.org/10.1016/j.ancene.2015.11.002
https://doi.org/10.1130/g37402.1
https://doi.org/10.1130/g37402.1
https://doi.org/10.1016/j.margeo.2004.04.018
https://doi.org/10.1016/j.margeo.2004.04.018
https://doi.org/10.5479/si.00775630.92.1
https://doi.org/10.5479/si.00775630.92.1
https://doi.org/10.1007/BF02841961
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/gcb.15275
https://doi.org/10.1071/PC110241
https://doi.org/10.1071/PC110241
https://doi.org/10.3133/ofr20181179
https://doi.org/10.3133/ofr20181179
https://doi.org/10.2112/JCOASTRES-D-12-00175.1
https://doi.org/10.2112/JCOASTRES-D-12-00175.1
https://doi.org/10.1029/2020EF001525

Estuaries and Coasts

atoll nations. Nature Communications 9 (1): 1-7. https://doi.org/
10.1038/s41467-018-02954-1.

Kench, P.S., M.R. Ford, J.F. Bramante, A.D. Ashton, J.P. Donnelly,
R.M. Sullivan, and M.R. Toomey. 2022. Heightened storm activ-
ity drives late Holocene reef island formation in the central Pacific
Ocean. Global and Planetary Change 215: 103888. https://doi.
org/10.1016/j.gloplacha.2022.103888.

Kodikara, K.A.S., N. Mukherjee, K.L. Jayatissa, F. Dahdouh-Gue-
bas, and N. Koedam. 2017. Have mangrove restoration projects
worked? An in-depth study in Sri Lanka. Restoration Ecology 25
(5): 705-716. https://doi.org/10.1111/rec.12492.

Kumar, L., and S. Taylor. 2015. Exposure of coastal built assets in the
South Pacific to climate risks. Nature Climate Change 5 (11):
992-996. https://doi.org/10.1038/nclimate2702.

Lefcheck, J.S., B.B. Hughes, A.J. Johnson, B.W. Pfirrmann, D.B.
Rasher, A.R. Smyth, B.L. Williams, M.W. Beck, and R.J. Orth.
2019. Are coastal habitats important nurseries? A Meta-Analysis.
Conservation Letters 12 (4): €12645. https://doi.org/10.1111/conl.
12645.

Lindsay, S., and R. Aiello. 2003. Jaluit Atoll Environmental Resource
Management Plan, Environmental Protection Agency, Republic
of the Marshall Islands. https://rris.biopama.org/sites/default/files/
2019-03/MHL_Jaluit_MP.pdf.

McKee, K.L., D.R. Cahoon, and I.C. Feller. 2007. Caribbean mangroves
adjust to rising sea level through biotic controls on change in soil
elevation. Global Ecology and Biogeography 16 (5): 545-556.
https://doi.org/10.1111/j.1466-8238.2007.00317..x.

McKee, K.L., and P.L. Faulkner. 2000. Mangrove peat analysis and
reconstruction of vegetation history at the Pelican Cays, Belize.
Atoll Research Bulletin 468: 46-58.

Melana, D.M., J. Atchue III, C.E. Yao, R. Edwards, E.E. Melana, and
H.I. Gonzales. 2000. Mangrove Management Handbook. Depart-
ment of Environment and Natural Resources, Manila, Philippines
and Coastal Resource Management Project, Cebu City, Philip-
pines. Available from: http://oneocean.org/download/db_files/
mangrove_management_handbook.pdf.

Mimura, N., and P.D. Nunn. 1998. Trends of beach erosion and shore-
line protection in rural Fiji. Journal of Coastal Research 14:
37-46. http://www.jstor.org/stable/4298760.

Moity, N., B. Delgado, and P. Salinas-de-Le6n. 2019. Mangroves in
the Galapagos islands: Distribution and dynamics. PLoS ONE
14 (1): €0209313. https://doi.org/10.1371/journal.pone.0209313.

Moudingo, J.H.E., G. Ajonina, D.M. Eugene, A.K. Jarju, K. Jammeh,
F. Conteh, S. Taal, L.M. Touray, M. Njei, and S. Janko. 2018.
Enhancing resilience of vulnerable coastal areas and communi-
ties: mangrove rehabilitation/restoration works in the Gambia. In
Handbook of Environmental Materials Management, ed. C. Hus-
sain, 1-44. Cham: Springer International Publishing. https://doi.
org/10.1007/978-3-319-58538-3_68-1.

Murray, M.R., S.A. Zisman, P.A. Furley, D.M. Munro, J. Gibson, J.
Ratter, S. Bridgewater, C.D. Minty, and C.J. Place. 2003. The
mangroves of Belize: Part 1. Distribution, composition and clas-
sification. Forest Ecology and Management 174 (1): 265-279.
https://doi.org/10.1016/S0378-1127(02)00036-1.

Mycoo, M., M. Wairiu, D. Campbell, V. Duvat, Y. Golbuu, S. Maha-
raj, J. Nalau, P. Nunn, J. Pinnegar, and O. Warrick. 2022. Small
islands. In Climate Change 2022: Impacts, Adaptation and Vul-
nerability. Contribution of Working Group II to the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change,
eds H.-O. Portner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K.
Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Loschke, V.
Mobller, A. Okem, and B. Rama, 2043-2121. Cambridge Univer-
sity Press, Cambridge, UK and New York, NY, USA. https://doi.
org/10.1017/9781009325844.017.

Nalau, J., S. Becken, J. Schliephack, M. Parsons, C. Brown, and B.
Mackey. 2018. The role of indigenous and traditional knowledge
in ecosystem-based adaptation: A review of the literature and case
studies from the Pacific Islands. Weather, Climate, and Society 10
(4): 851-865. https://doi.org/10.1175/WCAS-D-18-0032.1.

Nardin, W., S. Locatelli, V. Pasquarella, M.C. Rulli, C.E. Woodcock,
and S. Fagherazzi. 2016. Dynamics of a fringe mangrove forest
detected by Landsat images in the Mekong River Delta. Vietnam.
Earth Surface Processes and Landforms 41 (14): 2024-2037.
https://doi.org/10.1002/esp.3968.

NOAA. 2021. Relative Sea Level Trend (720-017) Majuro C, Marshall
islands. https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.
shtml?id=720-017.

Nunn, P.D. 2009. Responding to the challenges of climate change in
the Pacific Islands: Management and technological imperatives.
Climate Research 40 (2-3): 211-231. https://doi.org/10.3354/
cr00806.

Nunn, P.D., and C., Klock, and V. Duvat. 2021. Seawalls as maladapta-
tions along island coasts. Ocean and Coastal Management 205:
105554. https://doi.org/10.1016/j.ocecoaman.2021.105554.

Office of Environmental Planning Policy Coordination. 2017. Repub-
lic of the Marshall Islands Fifth National Report Convention on
Biological Diversity. https://www.cbd.int/doc/world/mh/mh-nr-
05-en.pdf.

Oppenheimer, M., B.C. Glavovic, J. Hinkel, R. van de Wal, A.K. Mag-
nan, A. Abd-Elgawad, R. Cai, M. Cifuentes-Jara, R.M. DeConto,
T. Ghosh, J. Hay, F. Isla, B. Marzeion, B. Meyssignac, and Z.
Sebesvari. 2019. Sea level rise and implications for low-lying
islands, coasts and communities. In /PCC Special Report on
the Ocean and Cryosphere in a Changing Climate, ed Portner,
H.-O., D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E.
Poloczanska, K. Mintenbeck, A. Alegria, M. Nicolai, A. Okem,
J. Petzold, B. Rama, and N.M. Weyer, 321-445. Cambridge Uni-
versity Press, UK and New York. https://doi.org/10.1017/97810
09157964.006.

Owen, S.D., P.S. Kench, and M.R. Ford. 2016. Improving understand-
ing of the spatial dimensions of biophysical change in atoll island
countries and implications for island communities: A Marshall
Islands’ case study. Applied Geography 72: 55-64. https://doi.
org/10.1016/j.apgeog.2016.05.004.

Patil, 1. 2021. Visualizations with statistical details: the ‘ggstatsplot’
approach. Journal of Open Source Software 6 (61): 3167. https://
doi.org/10.21105/joss.03167.

Perry, C.T., P.S. Kench, S.G. Smithers, B. Riegl, H. Yamano, and M.J.
O’Leary. 2011. Implications of reef ecosystem change for the
stability and maintenance of coral reef islands. Global Change
Biology 17 (12): 3679-3696. https://doi.org/10.1111/j.1365-2486.
2011.02523.x.

R Core Team. 2018. R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
https://www.R-project.org/.

Rankey, E.C. 2011. Nature and stability of atoll island shorelines:
Gilbert Island chain, Kiribati, equatorial Pacific. Sedimentology
58 (7): 1831-1859. https://doi.org/10.1111/j.1365-3091.2011.
01241.x.

Richards, D.R., B.S. Thompson, and L. Wijedasa. 2020. Quantifying
net loss of global mangrove carbon stocks from 20 years of land
cover change. Nature Communications 11 (1): 1-7. https://doi.
org/10.1038/s41467-020-18118-z.

Ruiz-Luna, A., A. Cervantes Escobar, and C. Berlanga-Robles. 2010.
Assessing distribution patterns, extent, and current condition of
northwest Mexico mangroves. Wetlands 30 (4): 717-723. https://
doi.org/10.1007/s13157-010-0082-2.

Samson, M.S., and R.N. Rollon. 2008. Growth performance of planted
mangroves in the Philippines: Revisiting forest management

@ Springer


https://doi.org/10.1038/s41467-018-02954-1
https://doi.org/10.1038/s41467-018-02954-1
https://doi.org/10.1016/j.gloplacha.2022.103888
https://doi.org/10.1016/j.gloplacha.2022.103888
https://doi.org/10.1111/rec.12492
https://doi.org/10.1038/nclimate2702
https://doi.org/10.1111/conl.12645
https://doi.org/10.1111/conl.12645
https://rris.biopama.org/sites/default/files/2019-03/MHL_Jaluit_MP.pdf
https://rris.biopama.org/sites/default/files/2019-03/MHL_Jaluit_MP.pdf
https://doi.org/10.1111/j.1466-8238.2007.00317.x
http://oneocean.org/download/db_files/mangrove_management_handbook.pdf
http://oneocean.org/download/db_files/mangrove_management_handbook.pdf
http://www.jstor.org/stable/4298760
https://doi.org/10.1371/journal.pone.0209313
https://doi.org/10.1007/978-3-319-58538-3_68-1
https://doi.org/10.1007/978-3-319-58538-3_68-1
https://doi.org/10.1016/S0378-1127(02)00036-1
https://doi.org/10.1017/9781009325844.017
https://doi.org/10.1017/9781009325844.017
https://doi.org/10.1175/WCAS-D-18-0032.1
https://doi.org/10.1002/esp.3968
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=720-017
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=720-017
https://doi.org/10.3354/cr00806
https://doi.org/10.3354/cr00806
https://doi.org/10.1016/j.ocecoaman.2021.105554
https://www.cbd.int/doc/world/mh/mh-nr-05-en.pdf
https://www.cbd.int/doc/world/mh/mh-nr-05-en.pdf
https://doi.org/10.1017/9781009157964.006
https://doi.org/10.1017/9781009157964.006
https://doi.org/10.1016/j.apgeog.2016.05.004
https://doi.org/10.1016/j.apgeog.2016.05.004
https://doi.org/10.21105/joss.03167
https://doi.org/10.21105/joss.03167
https://doi.org/10.1111/j.1365-2486.2011.02523.x
https://doi.org/10.1111/j.1365-2486.2011.02523.x
https://www.R-project.org/
https://doi.org/10.1111/j.1365-3091.2011.01241.x
https://doi.org/10.1111/j.1365-3091.2011.01241.x
https://doi.org/10.1038/s41467-020-18118-z
https://doi.org/10.1038/s41467-020-18118-z
https://doi.org/10.1007/s13157-010-0082-2
https://doi.org/10.1007/s13157-010-0082-2

Estuaries and Coasts

strategies. Ambio 37 (4): 234-241. https://doi.org/10.1579/0044-
7447(2008)37[234:GPOPMI]2.0.CO;2.

Sasmito, S.D., D. Murdiyarso, D.A. Friess, and S. Kurnianto. 2016.
Can mangroves keep pace with contemporary sea level rise? A
global data review. Wetlands Ecology and Management 24 (2):
263-278. https://doi.org/10.1007/s11273-015-9466-7.

Sengupta, M., M.R. Ford, and P.S. Kench. 2021. Shoreline changes in
coral reef islands of the Federated States of Micronesia since the
mid-20" century. Geomorphology 377: 107584. https://doi.org/
10.1016/j.geomorph.2020.107584.

Sterling, E., T. Ticktin, T.K.K. Morgan, G. Cullman, D. Alvira, P.
Andrade, N. Bergamini, E. Betley, K. Burrows, and S. Caillon.
2017. Culturally grounded indicators of resilience in social-eco-
logical systems. Environment and Society 8 (1): 63-95. https://
doi.org/10.3167/ares.2017.080104.

Storlazzi, C.D., E.P. Elias, and P. Berkowitz. 2015. Many atolls may
be uninhabitable within decades due to climate change. Scientific
Reports 5 (1): 1-9. https://doi.org/10.1038/srep14546.

Sulaiman, R.B.R., and F.S.M. Mohidin. 2018. Establishment of shore-
line buffer zone through rehabilitation of degraded coastal man-
groves. MATEC Web of Conferences 203 (01019): 1-14. https://
doi.org/10.1051/matecconf/201820301019.

@ Springer

U.S. Geological Survey. 2022. EarthExplorer. https://earthexplorer.usgs.
gov/.

Van Hespen, R., Z. Hu, B. Borsje, M. De Dominicis, D.A. Friess, S.
Jevrejeva, M.G. Kleinhans, M. Maza, C.E.J. van Bijsterveldt, T.
Van der Stocken, B. van Wesenbeeck, D. Xie, and T.J. Bouma.
2023. Mangrove forests as a nature-based solution for coastal
flood protection: Biophysical and ecological considerations. Water
Science and Engineering 16 (1): 1-13. https://doi.org/10.1016/j.
wse.2022.10.004.

Vander Velde, N., and B. Vander Velde. 2005. Two species of man-
grove trees previously unrecorded in the Marshall Islands found
in Jaluit Atoll. Micronesica 37: 297-308.

Webb, A.P., and P.S. Kench. 2010. The dynamic response of reef
islands to sea-level rise: Evidence from multi-decadal analysis of
island change in the Central Pacific. Global and Planetary Change
72 (3): 234-246. https://doi.org/10.1016/j.gloplacha.2010.05.003.

Yates, M.L., G. Le Cozannet, M. Garcin, E. Salai, and P. Walker. 2013.
Multidecadal atoll shoreline change on Manihi and Manuae,
French Polynesia. Journal of Coastal Research 29 (4): 870-882.
https://doi.org/10.2112/JCOASTRES-D-12-00129.1.


https://doi.org/10.1579/0044-7447(2008)37[234:GPOPMI]2.0.CO;2
https://doi.org/10.1579/0044-7447(2008)37[234:GPOPMI]2.0.CO;2
https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1016/j.geomorph.2020.107584
https://doi.org/10.1016/j.geomorph.2020.107584
https://doi.org/10.3167/ares.2017.080104
https://doi.org/10.3167/ares.2017.080104
https://doi.org/10.1038/srep14546
https://doi.org/10.1051/matecconf/201820301019
https://doi.org/10.1051/matecconf/201820301019
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://doi.org/10.1016/j.wse.2022.10.004
https://doi.org/10.1016/j.wse.2022.10.004
https://doi.org/10.1016/j.gloplacha.2010.05.003
https://doi.org/10.2112/JCOASTRES-D-12-00129.1

	Atoll Mangrove Progradation Patterns: Analysis from Jaluit in the Marshall Islands
	Abstract
	Introduction
	Methods
	Study Area
	Historical Imagery
	Shoreline Change Analysis
	Statistical Analysis of Shoreline Expansion Categories

	Results
	Discussion
	Spatial Changes and Context in the Pacific
	Biogeomorphological Patterns
	Implications for Mangrove Planting and Management

	Conclusions
	Acknowledgements 
	References


